Aristolochic acid is a component of many types of Chinese medicine, which are commonly used to treat almost all human diseases. However, aristolochic acid may cause nephropathy. Urotensin II (UII) and transforming growth factor (TGF)-β1 are important signaling factors, which are expressed at elevated levels during the development of nephropathy. However, the association between UII and TGF-β1 expression remains unclear. In the current study, the regulatory association between UII and TGF-β1 expression was investigated using a rat aristolochic acid nephropathy model and the NRK-52E cell line. The expression levels of UII and TGF-β1 were identified to be constantly increased in the rat aristolochic acid nephropathy model, even 10 days after administration of Aristolochiae manshuriensis decoction was terminated. Notably, increases in the TGF-β1 expression levels occurred later than those of UII. Furthermore, UII enhanced TGF-β1 expression in, and secretion from, NRK-52E cells. These data indicate that UII and TGF-β1 are important in the development of aristolochic acid nephropathy, and UII enhances TGF-β1 expression levels and secretion during aristolochic acid nephropathy. However, the underlying mechanisms for the precise roles of UII and TGF-β1 as well as the method by which UII regulates the expression TGF-β1 in aristolochic acid nephropathy remain to be elucidated in future studies.
Introduction
Aristolochic acid is a component of numerous types of Chinese medicines that are commonly used to treat almost all diseases of systems in the human body, from the skin to the internal organs (1, 2) . However, aristolochic acid is detrimental to the kidneys (3, 4) . The renal damage resulting from aristolochic acid is irreversible and progresses long after the use of the drugs has stopped. Aristolochic acid nephropathy is the primary cause of renal failure in the elderly in China, where people often take traditional medicine that contain aristolochic acid (5) ; however, the underlying mechanism remains unclear.
Urotensin II (UII) is abundant and the most potent vasoconstrictive peptide in the kidneys (6) . As a neuronal regulatory peptide (7, 8) , UII regulates the dynamics of blood flow, and increases extracellular matrix production and regulates matrix metalloproteinase-2 activity (9) (10) (11) . Studies have demonstrated that UII promotes the proliferation of renal tubular epithelial cells (12) , activates the epidermal growth factor receptor in rat renal tubular epithelial cells via the SHP-2 signaling pathway (13) , inhibits renal tubular reabsorption of potassium and sodium (14) , promotes intracellular calcium release (15) and inhibits apoptosis in NRK-52E rat proximal tubular epithelial cells (16) . In addition, UII has been proposed as a target for treating patients with hypervolemic cardio-renal syndrome (17) . UII exerts a potent vasoconstrictive action as well as renal profibrotic effects (18) . Aristolochic acid increases the expression level of UII and its receptor urotensin 2 receptor (UTS2R) in renal tubular epithelial cells in a dose-dependent manner (19) . Therefore, UII is an important factor in the development of renal disease.
Transforming growth factor (TGF)-β1 is a pleiotropic protein, involved in cell growth, differentiation, immune regulation, inflammation and injury repair. TGF-β1 is expressed in the proximal tubule and collecting duct (20, 21) , and induces the differentiation of renal tubular epithelial cells (22) . As a pleiotropic cytokine, TGF-β1 aggravates fibrotic renal lesions by promoting the accumulation of the extracellular matrix, and is a required component in tissue repair based on coordinated actions with other cytokines (23) (24) (25) .
In a model of acute ischemic renal injury, the expression and activity of TGF-β1 are significantly increased in papillary hyperplasia in the proximal renal tubule (26) . The TGF-β1 receptor is expressed in the newly formed renal tubules in the outer medulla, which indicates that TGF-β1 is important in the regeneration of renal tubules (27) . Following renal epithelial cell repair, the persistent increase in TGF-β1 expression may result in activation of renal interstitial fibroblasts and macrophages, collagen deposition and renal fibrosis (28) . Therefore, TGF-β1 is considered to be a critical signaling factor in nephropathy.
Studies have indicated that treatment of animals with high doses of UII leads to increased expression levels of TGF-β1 in hepatocytes (29) , and TGF-β1 is involved in the UII-induced phenotypic differentiation of rat aortic fibroblasts (30) . Furthermore, upregulation of UII and its receptor, UTS2R is important in TGF-β1-mediated renal fibrosis and dysfunction in diabetes (18) . The above-mentioned studies suggest that there is an interplay between TGF-β1 and UII. As TGF-β1 and UII are important factors in nephropathy, the current study investigated the regulatory association between the two in aristolochic acid nephropathy using a rat aristolochic acid nephropathy model and the NRK-52E cell line.
Materials and methods
Reagents. Chinese herbal medicine Guanmutong (Aristolochiae Manshuriensis) was purchased from the Jilin Hongjian Medical Company (Changchun, China). The NRK-52E cells were a gift from the Laboratory of Pharmacology and Toxicology at the Medicine College of Jilin University (Changchun, China). Aristolochic sodium was purchased from the National Institute for Food and Drug Control (Beijing, China). Gibco Dulbecco's modified Eagle's medium (DMEM) was purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). TRIzol reagent, AMV reverse transcriptase, and Taq DNA polymerase were purchased from Invitrogen (Thermo Fisher Scientific, Inc.). UII (catalog no. U7257) and anti-UII antibody (catalog no. sc52300) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). TGF-β1 and the primary (catalog no. BA0290) and secondary TGF-β1 antibody (catalog no. BA1504) were purchased from Wuhan Boster Biological Technology, Ltd. (Wuhan, China).
A. manshuriensis decoction (AMD) was prepared using 1 kg crude A. manshuriensis drug. The crude drug was soaked in 2 liters of water for 30 min and boiled for 1 h. The liquid was collected and water was added to the crude drug residue, the solution was then boiled for another 1 h. The liquid was collected, combined with the first liquid and cleaned by filtration. Finally, after the drug was concentrated (2 g crude drug/ml), a 500-ml decoction was obtained and stored at 4˚C. The decoction was pre-warmed at 4˚C immediately before administration by gavage.
Rat aristolochic acid nephropathy model. Sixty male Wistar rats (weight, 180-220 g) were housed in the Center for Experimental Animals in Liaoning Medical University (Jinzhou, China) were randomly divided into two groups as follows: The control group (n=10), which received normal saline (10 ml/kg) once a day; and the aristolochic acid nephropathy model (AMK) group (n=50), which received AMD (20 g/kg) once a day for up to 25 days. Ten rats in the AMK group were sacrificed by cervical dislocation at each of the following time points: 3, 7, 15 and 25 days of treatment. The last 10 AMK rats were sacrificed by cervical dislocation 10 days after the 25-day treatment with AMD, together with the rats in the control group. AMD or the normal saline was administered by gavage. Kidneys were collected for hematoxylin and eosin (H&E) staining, and determination of UII and TGF-β1 gene expression levels. The protocols for the use of animals in the current study were approved by the Ethics Committee for Animal Experimentation of Liaoning Medical University.
Histopathological examination of kidneys of aristolochic acid nephropathy model rats. The kidney tissue samples were fixed in 10% formalin solution for 48 h and placed in embedding boxes. Following serial dehydration in 80-95% ethanol for 3 h (twice) and 100% ethanol for 3 h (three times) and treatment with xylene for 2 h, the tissue samples were embedded in paraffin. The paraffin blocks containing the kidney tissue samples were sectioned into 3-µm slices, which were then hydrated at 52˚C and fixed on slides at 60˚C in an oven for 30 min. The slices were then stained with H&E following standard protocol. Finally, the slices were sealed with neutral resin and coverslips. The specimens were examined using a light microscope (BX-51; Olympus Corporation, Tokyo, Japan).
Cell culture and treatment. NRK-52E cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS; Tian Jin Hao Yang Biological Manufacture Co., Ltd., Tianjin, China) in a cell incubator at 37˚C with an atmosphere of 5% CO 2 . For treatment, NRK-52E cells were detached from the plates using 0.25% trypsin, suspended and seeded in 12-well plates at a density of 1x10 4 /well. The cells were combined with serum-free media. Following incubation at 37˚C for 24 h, the cells were maintained at 37˚C with medium containing 0.5% FBS. Cells were treated with DMEM, UII (10 -8 mol/l), or UII + anti-UII antibody (10 -5 mol/l). DMEM served as the vehicle. Each treatment group included 6 wells, and cells and media were collected for testing after 48 h.
Determination of UII and TGF-β1 mRNA expression levels using reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from kidney tissues or NRK-52E cells using Invitrogen TRIzol reagent according to the manufacturer's protocol (Thermo Fisher Scientific, Inc.). cDNA was synthesized using Invitrogen AMV reverse transcriptase (Thermo Fisher Scientific, Inc.). PCR was performed using Taq DNA polymerase (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) on a Cleaver Scientific thermocycler (model PCT25; Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China) with the following cycling program: 94˚C for 5 min; 30 cycles of 94˚C for 45 sec, 53˚C for UII/59˚C for TGF-β1/55˚C for GAPDH for 45˚sec, 72˚C for 45 sec; and a final extension at 72˚C for 10 min. The PCR products were examined using agarose gel electrophoresis, using a 2% agarose gel at 3V for 30-50 min. The bands were recorded, and their densities were quantified using a Tanon GIS-1000 gel image processing system (Tocan Co., Ltd., Shanghai, China). GAPDH served as a reference gene to determine the relative expression levels of UII and TGF-β1 by calculating the ratio of UII or TGF-β1/GAPDH densities. The primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The amplicon for UII was 242 bp in length and the primers were as follows: Sense, 5'-TGC CTG CTC TTC GTA GGA CT-3' and antisense, 5'-AGA GCC TTC CTC AAG CTT CC-3'. The amplicon for TGF-β1 was 382 bp in length and the primers were as follows:
Sense, 5'-GAC CTC AAT TGC GAG CTT TC-3' and antisense, 5'-AGT CCT CCT TCC GCC TTT AG-3'. The amplicon for GAPDH was 450 bp in length and the primers were as follows: Sense, 5'-ACC ACA GTC CAT GCC ATC AC-3' and antisense, 5'-TCC ACC ACC CTG TTG CTG TA-3'.
Determination of TGF-β1 concentrations by enzyme-linked immunosorbent assay (ELISA). After NRK-52E cells were treated with DMEM, UII, or UII + anti-UII antibody for 48 h, the medium was collected using centrifugation at 800 x g for 5 min. Each medium sample (10 µl) was aliquoted in 96-well plates, mixed with 90 µl of 0.06 mol/l carbonate buffer (pH 9.6) and stored at 4˚C overnight. After removal of the supernatant, 200 µl blocking buffer (PBS containing 2% FBS) was added to each well of the plate and incubated at 37˚C for 1.5 h. The samples were then washed three times with PBS containing Tween-20 (PBST) for 3 min. Next, 100 µl primary antibody to TGF-β1 (1:1,000) was added to the wells and incubated at 37˚C for 2 h. After three washes with PBST for 3 min each, 100 µl secondary antibody (catalog no. BA1504; 1:2,000) was added and incubated at 37˚C for 1.5 h. After three washes with PBST for 3 min each, 100 µl diaminobenzidine (DAB) solution [6 mg DAB dissolved in 10 ml of 0.01 mol/l Tris-Cl (pH 7.6) and 10 µl H 2 O 2 ] was added to the wells and incubated in the dark for 3-5 min. Finally, 50 µl stop solution (2 mol/l H 2 SO 4 ) was added. The optical absorbance was read at a wavelength of 490 nm using a Microplate Reader (Multiskan Spectrum; Thermo Fisher Scientific, Inc.).
Statistical analysis.
Data were analyzed using SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). Statistical differences were analyzed using Student's t-tests and P<0.05 was considered to indicate a statistically significant difference.
Results

Establishment of the rat aristolochic acid nephropathy model.
To investigate the mechanism underlying aristolochic acid nephropathy, a rat aristolochic acid nephropathy model was established using AMD. The result demonstrated that there were no morphological changes in the tubules and glomerulus in the kidney of rats in the control group, whereas treatment of rats with AMD for 3 days resulted in degeneration, necrosis, and disintegration of epithelial cells in the proximal tubules. Only a small quantity of inflammatory cell infiltration and no morphology changes were observed in the glomerulus.
Treatment of rats with AMD for 7 and 15 days resulted in increased necrosis among proximal tubular epithelial cells. Treatment of rats with AMD for 25 days resulted in mass necrosis, disintegration, and detachment of the proximal tubular epithelial cells and increased fibrous tissue in the lesion; however, there was less infiltration of inflammatory cells compared with the model group. Protein casts were visible in distal tubular lumens and there were no significant morphological changes in the glomerulus (Fig. 1 ). Ten days after treatment with AMD for 25 days, no significant differences were observed in the kidney when compared with that immediately after 25 days of treatment (Fig. 1) . These results indicate that the rat aristolochic acid nephropathy model had successfully been established.
Renal UII and TGF-β1 mRNA expression levels. The renal UII and TGF-β1 mRNA expression levels in the AMK models and the controls were examined in the present study. The results demonstrated that UII mRNA expression levels were constantly increased in rats treated with AMD for 7, 15 and 25 days, compared with the control group, and the UII mRNA expression levels were not decreased even 10 days after treatment with AMD was terminated (Table I and Fig. 2) . Similarly, TGF-β1 mRNA expression levels were constantly increased in the rats treated with AMD for 15 and 25 days, and these levels were not decreased even after treatment with AMD was terminated (Table I and Fig. 2) .
UII enhanced TGF-β1 expression in NRK-52E cells.
To examine the effect of UII on TGF-β1 expression levels, the intracellular TGF-β1 mRNA expression levels and the secretion of TGF-β1 into the culture medium of NRK-52E cells treated with UII, UII + anti-UII and the vehicle control. The results indicated that the TGF-β1 mRNA expression levels were greater in NRK-52E cells treated with UII than in the control group (0.76±0.06 vs. 0.39±0.08; P<0.05; Fig. 3 ). Neutralization of UII using the specific antibody significantly decreased the TGF-β1 mRNA expression levels in NRK-52E cells treated with UII, compared with those in the UII group (0.58±0.03 vs. 0.76±0.06; P<0.05; Fig. 3 ). These results indicate that UII enhanced TGF-β1 expression levels in NRK-52E cells.
TGF-β1 protein expression levels were significantly greater in the medium of NRK-52E cells treated with UII (0.32±0.03) and UII + anti-UII (0.19±0.01) compared with the expression levels in the control group (0.16±0.03; P<0.05). Neutralization of UII using the specific antibody significantly decreased the TGF-β1 protein expression levels in the medium of NRK-52E cells treated with UII, compared with those in the UII group (Fig. 3) . These results indicated that UII enhanced the secretion of TGF-β1 by NRK-52E cells.
Discussion
Aristolochic acid nephropathy is a common occurrence; however, the underlying molecular mechanism remains unknown. TGF-β1 and UII are important factors in nephropathy, and the regulatory association between the two remains unknown. In the current study, a rat aristolochic acid nephropathy model was successfully established using AMD to investigate the mechanism underlying this type of fibrosis. The expression of UII and TGF-β1 was identified to be constantly increased in the rat aristolochic acid nephropathy model, even 10 days after the use of AMD was terminated. These data indicate that UII and TGF-β1 may be important in the development of aristolochic acid nephropathy.
Notably, increases in TGF-β1 expression levels occurred later than those of UII in the aristolochic acid nephropathy model rats. Furthermore, UII enhanced TGF-β1 expression levels in and secretion from NRK-52E cells. These data indicate that UII enhances TGF-β1 expression and secretion during aristolochic acid nephropathy. Furthermore, the current finding is consistent with that of a previous study (19) showing that TGF-β1 is involved in the UII-induced phenotypic differentiation of rat aortic fibroblasts (30) . Treatment of rats with high doses of UII leads to increased expression of TGF-β1 in hepatocytes (29) . Thus, it is likely that UII is a positive regulator of TGF-β1 expression. However, the method by which the expression of UII and TGF-β1 is increased and how UII regulates the expression of TGF-β1 during aristolochic acid nephropathy requires further investigation. The interplay between the expression levels of UII and TGF-β1 may lead to functional interactions between UII and TGF-β1. Fibrosis is characterized by hyperactivity of TGF-β1, which results in disruption of extracellular matrix homeostasis and accumulation of fibrosis-associated proteins (31) . Elevated TGF-β1 expression levels causatively activate profibrotic signaling pathways in ureteral obstruction-induced renal fibrosis (32) . It has been demonstrated that UII promotes collagen synthesis via ERK1/2-dependent and -independent TGF-β1 signaling pathways in neonatal cardiac fibroblasts (33) . UII expression levels were increased in diabetic renal fibrosis and functional disorders likely via autocrine or paracrine secretion mechanisms, and thus, UII is important in TGF-β1-regulated renal fibrosis and dysfunction (18) . Furthermore, UII was identified as an important mediator in an experimental lung fibrosis rat model (34) . Increased levels of UII modulate hepatic fibrosis and portal hemodynamic alterations in rats (29) , and UII is involved in the development of cardiac fibrosis and hypertrophy (35, 36) . Thus, renal fibrotic changes during aristolochic acid nephropathy appear to be associated with an interaction between UII and TGF-β1.
In conclusion, UII and TGF-β1 expression levels were observed to be increased, and UII enhanced TGF-β1 expression and secretion during aristolochic acid nephropathy. These findings contribute to the hypothesis of the interplay between UII and TGF-β1 in the development of and recovery from aristolochic acid nephropathy. However, the underlying mechanism of the precise role of UII and TGF-β1 in aristolochic acid nephropathy, and the way in which UII regulates TGF-β1 expression, remains to be fully elucidated in future studies.
